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SUMMARY

The bu�et response of the �exible twin�tail con�guration of the F�A��� and a generic F���� aircraft
are computationally simulated and experimentally validated	 The problem is a multidisciplinary
 one
which requires the sequential solution of three sets of equations on a multi�block grid structure	 The
�rst set is the unsteady
 compressible
 full Navier�Stokes equations	 The second set is the aeroelastic
equations for bending and torsional twin�tail responses	 The third set is the grid�displacement equations
which are used to update the grid coordinates due to the tail de�ections	 The computational models
consist of a ��o�swept back
 sharp edged delta wing of aspect ratio of one and a swept�back F�A��� or
F���� twin�tail	 The con�guration is pitched at �o angle�of�attack	 The problem is solved for the initial
�ow conditions with the twin tails kept rigid	 Next
 the aeroelastic equations of the tails are turned on
along with the grid�displacement equations to solve for the bending and torsional tails responses due
to the unsteady loads produced by the vortex breakdown �ow of the leading�edge vortex cores of the
delta wing	 Several spanwise locations of the twin tails are investigated	 The computational results are
validated using several existing experimental data	

INTRODUCTION

Modern combat aircraft are designed to �y and maneuver at high angles of attack and at high
loading conditions	 This is achieved
 for example in the F�A��� �ghter
 through the combination of a
leading�edge extension �LEX� with a delta wing and the use of highly swept�back vertical tails	 The
LEX maintains lift at high angles of attack by generating a pair of vortices that trail aft over the top
of the aircraft	 The vortex entrains air over the vertical tails to maintain stability of the aircraft	 This
combination of LEX
 delta wing and vertical tails leads to the aircraft excellent agility	 However
 at
some �ight conditions
 the vortices emanating from the highly�swept LEX of the delta wing breakdown
before reaching the vertical tails which get bathed in a wake of unsteady highly�turbulent
 swirling �ow	
The vortex�breakdown �ow produces unsteady
 unbalanced loads on the vertical tails which in turn
produce severe bu�et of the tails and has led to their premature fatigue failure	

Experimental investigation of the vertical tail bu�et of the F�A��� models have been conducted
by several investigators such as Sellers et al�	
 Erickson et al�	
 Wentz� and Lee and Brown�	 These
experiments showed that the vortex produced by the LEX of the wing breaks down ahead of the vertical
tails at angles of attack of ��o and higher and that the breakdown �ow produced unsteady loads on the
vertical tails	 Cole
 Moss and Doggett� tested a rigid
 ��� size
 full�span model of an F��� airplane that
was �tted with �exible vertical tails of two di�erent sti�ness	 Vertical�tail bu�et response results were
obtained over the range of angle of attack from ��o to ��o
 and over the range of Mach numbers
from 	� to 	��	 Their results indicated that the bu�et response occured in the �rst bending mode
 in�
creased with increasing dynamic pressure and was larger atM � �� than that at a higher Mach number	

An extensive experimental investigation has been conducted to study vortex�twin tail interac�
tion on a ��o sharp�edged delta wing with vertical twin�tail con�guration by Washburn
 Jenkins and
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Ferman�	 The vertical twin tails were placed at nine locations behind the wing	 The experimental data
showed that the aerodynamic loads are more sensitive to the chordwise tail location than its spanwise
location	 As the tails were moved toward the vortex core
 the bu�et response and excitation were re�
duced	 Although the tail location did not a�ect the vortex core trajectories
 it a�ected the location
of vortex�core breakdown	 Moreover
 the investigation showed that the presence of a �exible tail can
a�ect the unsteady pressures on the rigid tail on the opposite side of the model	 In a recent study by
Bean and Lee� tests were performed on a rigid �� scale F�A��� in a trisonic blowdown wind tunnel
over a range of angle of attack and Mach number	 The �ight data was reduced to a non�dimensional
bu�et excitation parameter
 for each primary mode	 It was found that bu�eting in the torsional mode
occurred at a lower angle of attack and at larger levels compared to the fundamental bending mode	

Tail bu�et studies were also conducted on a full�scale
 production model F�A��� �ghter aircraft
in the ��by��� foot wind tunnel at NASA Ames Research Center by Meyn and James� and Pettit

Brown and Pendleton		 The test matrix covered an angle of attack range of ��o to �o and a side�slip
range of ���o to ��o with wind speed up to � Knots	 The maximum speed corresponds to a Reynolds
number of ����� �� and a Mach number of 	��	

Kandil
 Kandil and Massey�
 presented the �rst successful computational simulation of the ver�
tical �exible tail bu�et using a delta wing�vertical tail con�guration	 A ��o sharp�edged delta wing has
been used along with a single rectangular vertical tail which was placed aft the wing along the plane of
geometric symmetry	 The �exible tail was allowed to oscillate in bending modes	 The �ow conditions
and wing angle of attack have been selected to produce an unsteady vortex�breakdown �ow	 Unsteady
vortex breakdown of leading�edge vortex cores was captured
 and unsteady pressure forces were obtained
on the tail	

Kandil
 Massey and Kandil�� extended the technique used in Ref	 � to allow the vertical tail to
oscillate in both bending and torsional modes	 The total de�ections and the frequencies of de�ections
and loads of the coupled bending�torsion case were found to be one order of magnitude higher than
those of the bending case only	 Also
 it has been shown that the tail oscillations change the vortex
breakdown locations and the unsteady aerodynamic loads on the wing and tail	

Kandil
 Massey and Sheta�� studied the e�ects of coupling and uncoupling the bending and tor�
sional modes for a long computational time
 and the �ow Reynolds number on the bu�et response
 of a
single rectangular �exible tail	 It has been shown that the coupled response produced higher de�ection
than that of the uncoupled response	 Moreover
 the response of the coupled case reached periodicity
faster than that of the uncoupled case	 It has also been shown that the de�ections of the low�Reynolds
number case were substantially lower than that of the high Reynolds number case	

In a recent paper by Kandil
 Sheta and Massey��
 the bu�et response of a single swept�back
vertical �exible tail in transonic �ow at two angles of attack ��o
 ��o� has been studied	 It has been
shown that the aerodynamic loads and bending�torsional de�ections of the tail never reached periodic
response and that the loads were one order of magnitude lower than those of Ref	 �� of the subsonic �ow	

In a very recent paper by the present authors��
 the bu�et response of the F�A��� twin tails were
considered	 The con�guration consisted of a ��o�swept back
 sharp�edged delta wing and a trailing�edge�
extension on which the F�A��� twin tails were attached as cantilevers	 A multi�block grid was used
to solve the problem for two lateral locations of the twin tails� the midspan location and the inboard
location	

In this paper
 we consider computational simulation and experimental validation of the �exible
twin tail bu�et of the F�A��� and F���� aircraft	 Two multi�block grids are used in the computational
simulation	 The �rst consists of �ve blocks and is used for the twin tail F�A��� model and the second
consists of four blocks and is used for the twin tail generic F���� model	 For both models
 the �exible

�



twin tails are allowed to oscillate in bending and torsion modes	 The computed results are compared
with the experimental data of Meyn and James� for the F�A��� aircraft and Washburn
 et	 al	 for the
generic F���� model	

FORMULATION

The formulation consists of three sets of governing equations along with certain initial and
boundary conditions	 The �rst set is the unsteady
 compressible
 full Navier�Stokes equations	 The
second set consists of the aeroelastic equations for bending and torsional modes	 The third set consists
of equations for deforming the grid according to the twin tail de�ections	 Next
 the governing equations
of each set along with the initial and boundary conditions are presented	

Fluid�Flow Equations�

The conservative form of the dimensionless
 unsteady
 compressible
 full Navier�Stokes equations
in terms of time�dependent
 body�conformed coordinates ��
 �� and �� is given by
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�Em and � �Ev�s are the �m�inviscid �ux and �s�viscous and heat conduction �ux
 respectively	
Details of these �uxes are given in Ref	 �	

Aeroelastic Equations�

The dimensionless
 linearized governing equations for the coupled bending and torsional vibrations
of a vertical tail that is treated as a cantilevered beam are considered	 The tail bending and torsional
de�ections occur about an elastic axis that is displaced from the inertial axis	 These equations for the
bending de�ection
 w
 and the twist angle
 �
 are given by
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where z is the vertical distance from the �xed support along the tail length
 lt
 EI and GJ the
bending and torsional sti�ness of the tail section
 m the mass per unit length
 I� the mass�moment of
inertia per unit length about the elastic axis
 x� the distance between the elastic axis and inertia axis

N the normal force per unit length and Mt the twisting moment per unit length	 The characteristic
parameters for the dimensionless equations are c�
 a�

�

 ��

�
and c��a�

�
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and time� where c� is the delta wing root�chord length
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the freestream speed of sound and ��
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freestream air density	 The geometrical and natural boundary conditions on w and � are given by
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The solution of Eqs	 ��� and ��� are given by
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where �i and �j are comparison functions satisfying the free�vibration modes of bending and
torsion
 respectively
 and qi and qj are generalized coordinates for bending and torsion
 respectively	 In
this paper
 the number of bending modes
 �I 
 is six and the number of torsion modes
 M � �I
 is also
six	 Substituting Eqs	 ��� and ��� into Eqs	 ��� and ��� and using the Galerkin method along with
integration by parts and the boundary conditions
 Eqs ��� and ���
 we get the following equation for
the generalized coordinates qi and qj in matrix form�
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Similar aeroelastic equations were developed for sonic analysis of wing �utter by Strganac��	
The numerical integration of Eqs	 ������� is obtained using the trapezoidal method with ��� points

to improve the accuracy of integrations	 The solution of Eq	 ���
 for qi� i � �� �� ����� �I� and qj � j �
�I � �� �����M� is obtained using the Runge�Kutta scheme	 Next
 w
 and � are obtained from Eqs	 ���
and ���	

Grid Displacement Equations�

Once w and � are obtained at the n � � time step
 the new grid coordinates are obtained using
simple interpolation equations	 In these equations
 the twin tail bending displacements
 wn�

i�j�k 
 and their

displacements through the torsion angle
 �n�i�j�k are interpolated through cosine functions	

Boundary and Initial Conditions�

Boundary conditions consist of conditions for the �uid �ow and conditions for the aeroelastic
bending and torsional de�ections of the twin tails	 For the �uid �ow
 the Riemann�invariant boundary
conditions are enforced at the in�ow and out�ow boundaries of the computational domain	 At the plane
of geometric symmetry
 periodic boundary conditions is speci�ed with the exception of grid points on
the tail	 On the wing surface
 the no�slip and no�penetration conditions are enforced and �p

�n
� 	 On

the twin tail surfaces
 the no�slip and no�penetration conditions for the relative velocity components are
enforced �points on the tail surface are moving�	 The normal pressure gradient is no longer equal to

zero due to the acceleration of the grid points on the tail surface	 This equation becomes �p
�n

� ���at��n

where �at is the acceleration of a point on the tail and �n is the unit normal	
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Initial conditions consist of conditions for the �uid �ow and conditions for the aeroelastic de�ec�
tions of the twin tails	 For the �uid �ow
 the initial conditions correspond to the freestream conditions
with no�slip and no�penetration conditions on the wing and tail	 For the aeroelastic de�ections of the
tail
 the initial conditions for any point on the tail are that the displacement and velocity are zero

w�z� � � 
 �w

�t
�z� � � 
 ��z� � �  and ��

�t
�z� � � 	

METHOD OF SOLUTION

The �rst step is to solve for the �uid �ow problem using the vortex�breakdown conditions and
keeping each of the twin tails as a rigid beam	 Navier�Stokes equations are solved using the implicit

�ux�di�erence splitting �nite�volume scheme	 The grid speed ��m

�t
is set equal to zero in this step	 This

step provides the �ow �eld solution along with the pressure di�erence across each of the twin tails	 The
pressure di�erence is used to generate the normal force and twisting moment per unit length of each
tail	 Next
 the aeroelastic equations are used to obtain the twin tail de�ections
 wi�j�k and �i�j�k	 The
grid displacement equations are then used to compute the new grid coordinates	 The metric coe�cients
of the coordinate Jacobian matrix are updated as well as the grid speed
 ��m

�t
	 This computational cycle

is repeated every time step	

COMPUTATIONAL APPLICATIONS AND DISCUSSION

Two �exible twin tail models are used in the present study	 The �rst model consists of a twin
tail�delta wing con�guration for the F�A��� aircraft and the second model consists of a twin tail�delta
wing con�guration for a generic F���� model	 The delta wing of the two con�gurations is a ��o�swept
back
 sharp�edged delta wing of aspect ratio of one	 The two con�gurations are pitched at a �o angle of
attack	 Next
 the twin tails of each con�guration along with its geometry
 �ow conditions
 multi�block
grid and aeroelastic properties are given�

F	A�
� Twin Tails�

Each one of the twin tails are of aspect ratio �	�
 a crop ratio of 	� and a sweep�back angle of ��o

for the quarter�chord spanwise line	 The chord length at the root is 	� and at the tip is 	���
 with a
span length of 	���	 The tail airfoil section is a NACA ���A with sharp leading edge and the thickness
ratio is �� at the root and �� at the tip	 The dihedral angle between the two tails is �o	 The spanwise
distance between the two tails is ��� of the wing span	 The tails are cantilevered along the edges of a
trailing�edge extension of the delta wing	 The Mach number and Reynolds number �based on the wing
chord length� are 	� and �� ��
 respectively	

A multi�block grid consisting of �ve blocks is used for the solution of the problem	 The �rst block
is a O�H grid for the wing and upstream region
 with �� � � � �� grid points in the wrap around

normal and axial directions
 respectively	 The second block is a H�H grid for the region between the
twin tails
 with ��� �� �� grid points in the wrap around
 normal and axial directions
 respectively	
The third block is a H�H grid covering the region outside the twin tails
 with ��� �� �� grid points in
the wrap around
 normal and axial directions
 respectively	 The fourth block is a O�H grid surrounding
the second and third blocks
 with �� � �� � �� grid points in the wrap around
 normal and axial
directions
 respectively	 The �fth block is a O�H grid for the downstream region of the twin tails
 with
��� �� �� grid points in the wrap around
 normal and axial directions
 respectively	 Figure � shows
the grid topology and a blow�up of the twin tail�delta wing con�guration	

The dimensionless density and modulus of elasticity of the twin tails are ��	� and ���x��	 The
torsional rigidity of the twin tails at the root
 GJ
 is ����� ���	
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Generic F�

� Twin Tails�

The twin tail�delta wing con�guration consists of a ��o�swept back
 sharp�edged delta wing �aspect
ratio of one� and dynamically scaled �exible twin tails similar to the one used by Washburn
 et	 al�	 The
vertical tails are oriented normal to the upper surface of the delta wing and have a centerline sweep of
����o	 Each tail is made of a single Aluminum spar and Balsa wood covering	 The Aluminum spar has
a taper ratio of 	� and a constant thickness of 	����	 The chord length at the root is 	���� and
at the tip is 	�����
 with a span length of 	����	 The Aluminum spar is constructed from ����T�
alloy with density
 �
 modulii of elasticity and rigidity
 E and G of ���� kg�m�
 ������ ��
 N�m� and
������ � ��
 N�m�� respectively	 The corresponding dimensionless quantities are ����
 ����� � ��

and ����� � ��� respectively	 The Balsa wood covering has a taper ratio of 	�� and aspect ratio of
�	�	 The chord length at the root is 	���� and at the tip is 	��
 with a span length of 	����	 The
Balsa thickness decreases gradually from 	��� at the tail root to 	��� at the tail midspan and then
constant thickness of 	��� is maintained to the tail tip	 The tail cross section is a semi�diamond shape
with bevel angle of �o	 The Balsa density
 modulii of elasticity and rigidity
 E and G
 are ����� kg�m�

����� � �� N�m� and ������� �� N�m�� respectively	 The corresponding dimensionless quantities
are ���
 ������ �� and ������ ��� respectively	 The tails are assumed to be magnetically suspended
and the leading edge of the tail root is positioned at x�c � ��
 measured from the wing apex	 The
freestream Mach number and Reynolds number are 	� and ����� ��� respectively	

A multi�block grid consisting of � blocks is used for the solution of the problem	 The �rst block
is a O�H grid for the wing and upstream region
 with �� � � � �� grid points in the wrap around

normal and axial directions
 respectively	 The second block is a H�H grid for the inboard region of the
twin tails
 with ��� �� �� grid points in the wrap around
 normal and axial directions
 respectively	
The third block is a H�H grid for the outboard region of the twin tails
 with ��� � � �� grid points
in the wrap around
 normal and axial directions
 respectively	 The fourth block is a O�H grid for the
downstream region of the twin tails
 with �� � � � �� grid points in the wrap around
 normal and
axial directions
 respectively	 Figure � shows the grid topology and a blow�up of the twin tail�delta wing
con�guration	
The con�guration is investigated for three spanwise positions of the twin tails� the inboard location
 the
midspan location and the outboard location corresponding to a separation distance between the twin
tails of ���
 ��� and ��� of the wing span� respectively	

Results of the F	A�
� Conguration�

Figure � shows three�dimensional and top views for the initial conditions with total pressure
contours on the wing and twin tails along with the streamlines of the leading edge vortex cores	 The
initial conditions are obtained after t � � dimensionless time units ��t � ��� ����
 with the twin
tails kept rigid	 It is observed that the vortex cores experience almost a symmetric breakdown on the
wing starting at about ��� chordstation	 Downstream of the wing
 the vortex�breakdown �ow is inside
the region between the twin tails	 A small vortex has also been observed on the outside corner of the
juncture of the tail and the trailing edge extension	 The static pressure contours �not shown� indicate
that the static pressures on the inside surfaces of the twin tails are lower than those on the outside
surfaces	

Figures ��� show the aeroelastic responses of the twin tails after t � � units measured from the
initial conditions solution	 Figure � shows the bending and torsion de�ection responses of the left and
right tails along the vertical distance z
 every � time units	 It is observed that the bending responses are
in the �rst mode shape while the torsion responses are in the �rst
 second and third mode shapes	 More�
over
 the maximum bending de�ections are about two times those of the torsion responses	 The bending
de�ections for each tail show a single sign while the torsion de�ections show positive and negative signs
for each tail	 Figure � shows the history of the bending and torsion de�ections and loads versus time of
the tail tip point and mid point for the left and right tails	 Periodic responses have never been reached
within the computational time of t � � units	 Figures � and � show the histories of the root�bending�
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moment coe�cient �Crbm� and the pressure coe�cients on the inside �Cpi� and outside �Cpo� the tail
surfaces as well as the di�erence of the pressure di�erence �Cpi�o� versus time for the left and right tails	

Table � shows comparison of the root mean square of the present results for the twin tail�delta
wing model of the F�A��� with the experimental data of Meyn and James� and the computational
results of Gee
 Murman and Schi��� of the production model F�A��� �ghter aircraft	 It should be
recalled that the present model consists of a delta wing without a LEX and twin tails only
 while the
results of Refs	 � and �� are for a full F�A��� aircraft model	

Case Cpi Cpo Cpi�o Crbm

Present CFD�Structures Results
F�A��� Model 	�� 	�� 	�� 	���
�Left tail�

Meyn Expiremental Data
F�A��� aircraft 	���	� 	���	�� 	���	�� 	���	���

�As reported in Ref	 ���

Gee CFD Results�� 	� 	�� 	�� 	���
F�A��� aircraft

Table �	 Comparison of RMS Cp at �� span and ��� chord
 and RMS Crbm	

Results of the Generic F�

� Model�

Inboard Location of Twin Tails ��� � wing span��

The spanwise distance between the two tails is �� � of the wing span	 Figure � shows three�
dimensional and front views for the initial conditions with the surface total pressure contours and the
streamlines of the vortex cores	 Figure � shows the static pressure contours and the instantaneous
streamlines in a cross �ow plane at x � ����	 The initial conditions are obtained after �
 time
steps
 �t � ��
 with the twin tails kept rigid	 It is observed that the vortex cores experience an
almost symmetric breakdown on the wing at about the ��� chordstation	 Downstream of the wing

they are totally outside of the space between the twin tails	 Smaller size vortex cores appear under the
vortex breakdown �ows and at the lower edges of the twin tails	 These results exactly match Washburn
observations	 Figures � and �� show the results for the twin tails undergoing uncoupled bending�
torsion responses after �
� time steps from the initial conditions	 It is observed that the breakdown
shapes and locations are a�ected by the twin tail oscillations	 The vortex breakdown is now strongly
asymmetric
 and the vortex breakdown �ows are still outside of the space between the twin tails	 These
results conclusively show the upstream as well as the spanwise e�ects of the twin tail oscillations on the
vortex breakdown �ows	

Figures �����
 show the distribution of de�ection and load responses along the left and right tails
every � time units
 the history of de�ection and load responses versus time and the total structural
de�ections and root bending moment for the left and right tails	 It is observed that the bending and
torsion responses are in their �rst and second mode shapes	 The frequencies of the bending de�ections
are less than one�half those of the torsion de�ections	 The normal forces are out of phase of the
bending de�ections while the torsion moments are in phase with the torsion de�ections	 The total tail
responses are in �rst
 second and third mode shapes	 Periodic responses have not been reached within
the computational time covered ��
 time steps � � dimensionless time units�	
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Midspan Location of Twin Tails ���� wing span��

The results of this case are presented in Figs	 �����	 Figures ����� show that the tails cut through
the vortex breakdown of the leading�edge vortex cores
 which are also asymmetric	 Figure �� shows
that the bending de�ections are lower than those of the inboard case while the torsional de�ections are
substantially lower than those of the inboard case	 Moreover
 Fig	 �� shows that the bending and torsion
de�ections have a single sign for the left and right tails �all are positive or all are negative�	 Figure
� shows that both bending and torsion de�ections are out of phase of the normal force and twisting
moment loads	 The total de�ections of Fig	 �� show the same trend	 The root bending moments of
Fig	 �� are also lower than those of the inboard case	

Outboard Location of Twin Tails ���� wing span��

Figures ����� show the results of this case	 Figures �� and �� show that the space between the twin
tails include larger portion of the vortex breakdown �ow of the leading�edge vortex cores
 than that
of the midspan case	 The vortex breakdown �ow is also asymmetric	 The vortical �ow on the lower
outside surfaces of the twin tails is larger than any of the above two cases	 Figures ����� show that the
bending and torsion de�ections are lower than those of the midspan case	 They also show that both
bending and torsion de�ections are out of phase of the bending and torsional loads	 The frequencies of
the bending de�ections are still smaller than those of the torsion de�ections	 All these observations are
in very good agreement with those of Washburn
 et	 al	 �Ref ��	 Figures ����� show the histories of the
lift and drag coe�cients versus time for the inboard
 midspan and outboard locations	 It is observed
that the loss in CL is the largest for the inboard location case	

Table �	 shows a comparison of the present results of the mean root bending moment for �exible
twin tails and the lift coe�cient with rigid twin tails with those of Washburn
 et	 al	 �Ref ��
 experi�
mental data	

Parameter Position FTNS�D WASHBURN
Mean Root Bending Inboard ����� ��� ����� ���

Moment Midspan ����� ��� ���� ���

With Flexible Tails Outboard ����� ��� ���� ���

Lift Coe�cient Inboard ����� ����
With Rigid Tails Midspan ����� ����

Outboard ����� ����

Table ��� Validation of FTNS�D computational results with Washburn
 et	 al	 experimental results�	

CONCLUDING REMARKS

The bu�et responses of the twin�tail con�guration of the F�A��� model and the generic F����
model have been investigated computationally using three sets of equations for the aerodynamic loads

the bending and torsional de�ections and the grid displacements due to the twin tail de�ections	 The
leading�edge vortex breakdown �ow has been generated using a ��o�swept back sharp�edged delta wing
which is pitched at �o angle of attack	 The twin tails are cantilevered at a trailing edge extension of
the delta wing for the F�A��� model and without a trailing edge extension for the generic F���� model	
One spanwise separation distance between the twin tails is considered for the �rst model and three
spanwise separation distances are considered for the second model	 Only
 uncoupled bending�torsion

�



response cases are considered in this study	

The present simple model of the F�A��� aircraft produces results which are in good agreement
with the experimental and computational results of the full F�A��� aircraft	

The present computational results of the generic F���� model are in very good agreement with
the experimental data of Washburn
 et	 al	 generic model	 It is concluded that the inboard location
of the twin tails produces the largest bending�torsion loads
 de�ections
 frequencies and root bending
moments when compared with the midspan and outboard locations	 The outboard location produces
the least of these responses	 When the twin tails cut through the vortex breakdown �ow
 they produces
less responses due to the compensating damping e�ect produced by the left and right parts of the vortex
breakdown �ow on each tail	

Work is underway to upgrade the aeroelastic model using �nite�element structural dynamics codes
for shell and solid elements of the twin tails and to add an advanced turbulents model
 e	g	� k � 	 two
equation turbulents model	 Moreover
 work is underway to develop passive and active control of the
twin tail bu�et problem	
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Figure �� Three�dimensional grid topology of the twin tail�delta wing con�guration �Midspan�
 F�A���
model	

Figure �� Three�dimensional grid topology of the twin tail�delta wing con�guration �Midspan�
 F ���
Generic model	

Figure �� Three�dimensional and top views of surface pressure and vortex�cores streamlines for a rigid
tail
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Figure �� Distribution of the de�ection and load responses for an uncoupled bending�torsion case	
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Figure �� History of the de�ection and load responses for an uncoupled bending�torsion case	 M� � ��
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Figure �� Three�dimensional and front views showing the total pressure on the surfaces
 and the vortex�
core streamlines	 Initial conditions �Inboard position�	
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Figure �� Initial conditions for static pressure and instantaneous streamlines in a cross��ow plane
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Figure �� Three�dimensional and front views showing the total pressure on the surfaces
 and the
vortex�core streamlines	 Uncoupled case after it � �� � �Inboard position�	
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Figure ��� Snap shots of static pressure and instantaneous streamlines in a cross��ow plane
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Uncoupled case after it � �� � �Inboard position�	
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Figure ��� Distribution of the de�ection and load responses for an uncoupled bending�torsion case	
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Figure ��� Total structural de�ections and root bending moment for an uncoupled bending�torsion case	
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Figure ��� Three�dimensional and front views showing the total pressure on the surfaces
 and the
vortex�core streamlines	 Initial conditions �Midspan position�	
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Figure ��� Initial conditions for static pressure and instantaneous streamlines in a cross��ow plane
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Figure ��� Three�dimensional and front views showing the total pressure on the surfaces
 and the
vortex�core streamlines	 Uncoupled case after it � �� � �Midspan position�	
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Figure ��� Snap shots of static pressure and instantaneous streamlines in a cross��ow plane
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Uncoupled case after it � �� � �Midspan position�	
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Figure ��� Total structural de�ections and root bending moment for an uncoupled bending�torsion case	
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Figure ��� Three�dimensional and front views showing the total pressure on the surfaces
 and the
vortex�core streamlines	 Uncoupled case after it � �� � �Outboard position�	
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Figure ��� Snap shots of static pressure and instantaneous streamlines in a cross��ow plane
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Uncoupled case after it � �� � �Outboard position�	
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Figure ��� Distribution of the de�ection and load responses for an uncoupled bending�torsion case	
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Figure ��� History of the de�ection and load responses for an uncoupled bending�torsion case	 M� �
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Figure ��� Total structural de�ections and root bending moment for an uncoupled bending�torsion case	
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